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Introduction
We are in the midst of a worldwide epidemic of obesity and related 
metabolic disorders, most notably type 2 diabetes (1–6). Obesity is 
a consequence of a positive energy balance due to excessive ener-
gy intake and reduced energy expenditure. Although the molec-
ular events that control the energy balance and its link to type 2 
diabetes remain uncertain, numerous studies have implicated an 
important role for chronic, low-grade inflammation (7–11). Indeed, 
both dietary and genetic obesity produces an inflammatory state 
in liver and fat accompanied by the appearance of proinflammato-
ry macrophages and local secretion of cytokines and chemokines 
that attenuate insulin action (12–15). KO or pharmacological inhi-
bition of inflammatory pathways in rodents can disrupt the link 
between genetically or diet-induced obesity and both insulin and 
catecholamine resistance, suggesting that local inflammation is a 
key step in the generation of cellular resistance to important hor-
mones that regulate metabolism. Although the role of inflamma-
tion in human obesity is less clear, numerous studies have demon-
strated a strong association between inflammatory signals, insulin 
resistance, and obesity (8, 9, 15–17).

The NF-κB transcriptional program is activated in obese fat 
and may play an important role in the development of several met-
abolic abnormalities (18–20). We and others have observed that 
the NF-κB–sensitive genes Tbk1 and Ikbke are increased at both 
the mRNA and protein levels in adipose tissue during high-fat diet 
(HFD) feeding of mice, whereas Ikbke mRNA and protein levels 
and TBK1 activity are increased in liver (21–23). Moreover, global 
deletion of the Ikbke gene rendered mice partially resistant to the 
HFD-dependent development of obesity, insulin resistance, hepat-
ic steatosis, and inflammation (24). Conditional deletion of Tbk1 
in adipocytes produced mice with resistance to diet-induced obe-
sity and improved energy expenditure by restoring AMPK activity 
(23). This led us to identify the IKKε/TBK1 inhibitor, amlexanox, 
which had been previously developed for the treatment of asthma, 
allergic rhinitis, and aphthous ulcers (25). Administration of this 
selective drug to obese mice produced reversible weight loss and 
improved insulin sensitivity, reduced inflammation, and atten-
uated hepatic steatosis (21). A placebo-controlled, double-blind 
randomized study of 40 patients with obesity and type 2 diabetes 
revealed that amlexanox treatment produced a significant 0.5% 
reduction in hemoglobin A1c levels and improvement in insu-
lin sensitivity (26). Interestingly, this study identified a subset of 
patients with high levels of underlying inflammation, who were 
significantly more responsive to amlexanox. RNA-Seq analysis 
of gene expression patterns in adipose tissue from these patients 
revealed changes consistent with those observed in mice, indicat-
ing inhibition of TBK1 and IKKε activity (26).

A primary target of amlexanox in rodents is the subcutaneous 
adipose tissue, where it increases energy expenditure partly by 
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mice treated with amlexanox. We observed equal reductions in 
food intake with amlexanox treatment in Il6-KO and littermate WT 
control mice (Figure 1G), indicating that acute amlexanox-induced 
hypophagia was not mediated by IL-6 or its downstream targets.

Amlexanox has an excellent safety record in both mice and 
humans (23, 26, 33, 34). Nevertheless, we wanted to examine the 
possibility that the hypophagic response to amlexanox was the 
result of illness-like behavior due to acute inflammation. During 
acute-phase inflammation, it is common to see increased levels of 
the inflammatory cytokines TNF-α and IL-1α as well as IL-6. Unlike 
IL-6, neither TNF-α nor IL-1α was induced by amlexanox treat-
ment (Supplemental Figure 1, A–C; supplemental material available 
online with this article; https://doi.org/10.1172/JCI145546DS1). In 
fact, after 2 weeks of treatment, we detected a significant reduction 
in serum TNF-α levels, consistent with previous observations that 
long-term amlexanox treatment reduces inflammation (21). Addi-
tionally, no induction of the chemokines MCP1 (aka CCL2), MIP1α 
(aka CCL3), or RANTES (aka CCL5), often associated with adipose 
tissue inflammation, was observed with amlexanox treatment (Sup-
plemental Figure 1, D–F). These data suggest that the induction of 
IL-6 is a specific metabolic response in adipocytes and is not indic-
ative of an acute inflammatory response to amlexanox treatment.

To understand the contribution of hypophagia to weight loss 
in obese animals treated with amlexanox, we measured daily food 
intake over the first 2 weeks of treatment. A significant reduction in 
food intake was only observed during the first 3 days of treatment 
(Figure 1, H and I). Differences in food intake after the third day of 
treatment were not significant after correction for multiple com-
parisons. We observed no difference in food intake in the second 
week of treatment and beyond, consistent with our previous obser-
vation that food intake in obese mice was equal once the animals 
reach maximal weight loss, after 4 weeks of amlexanox treatment 
(21). The reduction in food intake was associated with weight loss 
over the first 3 days of amlexanox treatment (Figure 1, J and K). 
However, the amlexanox-treated animals continued to lose weight 
during the second week of treatment when food intake was equal 
to that of the vehicle control mice, indicating that amlexanox also 
produced weight loss via a food intake–independent mechanism 
(Figure 1, J and K). Additionally, the reduction in food intake was 
not due to the oral route of drug administration, as intraperitoneal 
injection with amlexanox produced the same transient reduction 
in food intake and pattern of weight loss (Supplemental Figure 2).

Amlexanox treatment increases energy expenditure. To determine 
the mechanism by which amlexanox modulates energy expenditure 
independent of effects on food intake, we repeated the metabolic 
cage study with paired feeding. Food access for the vehicle-treated 
animals was limited, such that these animals were only allowed to 
consume the same amount of food as the amlexanox-treated ani-
mals (Figure 2A and Supplemental Figure 3, A and B). The animals 
were acclimated to the cage for 1 dark cycle before treatment ini-
tiation. Prior to treatment, both groups of animals exhibited the 
same level of foraging activity as determined by z-axis beam breaks 
(Figure 2, B and C). Consistent with the reduction in food intake, 
amlexanox treatment significantly reduced foraging activity rela-
tive to baseline, whereas no change was observed in the pair-fed, 
vehicle-treated control group (Figure 2, B and C). On the first and 
second night after treatment initiation, pair-fed, vehicle-treated 

enhancing catecholamine sensitivity via inhibition of IKKε (27) and 
browning of adipocytes (21). Increased IKKε expression has also 
been linked with catecholamine resistance in adipocytes from chil-
dren with obesity (28). The increase in catecholamine sensitivity 
with amlexanox treatment in mice resulted in a transient increase 
in IL-6 synthesis and secretion from adipocytes and preadipocytes, 
which was responsible for acute lowering of blood sugar via reduced 
hepatic glucose output (29). Additionally, inhibition of TBK1 
produces a marked increase in the activity of AMPK, along with 
decreased lipogenesis and increased mitochondrial biogenesis (23).

Here, we elucidate the mechanism by which amlexanox pro-
duced weight loss and improvements in glucose handling and 
insulin sensitivity. During the first week of treatment, amlexanox 
transiently suppressed food intake, irrespective of the route of 
administration of the drug. Interestingly, this suppression of food 
intake was not responsible for the reductions in fasting blood glu-
cose observed with amlexanox treatment, which were instead 
the result of suppression of hepatic glucose production via an adi-
pocyte-to-hepatocyte signaling axis. While food intake quickly 
returned to normal, amlexanox treatment continued to promote 
weight loss by increasing thermogenic energy expenditure. Inter-
estingly, this increase in energy expenditure produced by amlex-
anox required the synthesis of both UCP1 and FGF21 in adipocytes. 
FGF21 may operate as an autocrine factor in adipocytes, delivering 
a necessary second signal in response to catecholamine signaling to 
generate a thermogenic program that includes the induction of Ucp1 
and other genes. FGF21-dependent weight loss appeared to be a 
major contributing factor for the improvements in insulin sensitivi-
ty observed with amlexanox treatment, suggesting that inhibition of 
TBK1 and IKKε in adipocytes may represent an effective strategy for 
increasing adipose FGF21 to deliver specific therapeutic benefits.

Results
Amlexanox treatment causes transient hypophagia. As previously 
reported (21), treatment of diet-induced obese mice with 25 mg/
kg amlexanox by daily oral gavage produced significant weight 
loss over a 4-week period (Figure 1A). To examine the mechanism 
of weight loss, we placed animals in a metabolic cage to measure 
food intake and energy expenditure for 2 baseline days followed 
by 3 days of amlexanox or vehicle control treatment. We previous-
ly demonstrated that 4 weeks of amlexanox treatment increased 
energy expenditure in concordance with increased thermogen-
ic gene expression in subcutaneous white adipose tissue (WAT), 
characteristic of adipose tissue browning (21). We were surprised to 
observe that acute amlexanox treatment resulted in reduced ener-
gy expenditure during the dark cycle, as evidenced by a decrease 
in the oxygen consumption and carbon dioxide production rates 
(Figure 1, B–E). Evaluation of food intake revealed that acute aml-
exanox treatment resulted in a significant reduction in food intake 
during this period (Figure 1F).

Our previous studies on the prevention of obesity by amlexanox 
(treatment initiated at the same time as the HFD) found no acute 
suppression of food intake (21), indicating that this effect is limit-
ed to obese animals. We also demonstrated that acute amlexanox 
treatment results in a robust increase in circulating IL-6 (29). Since 
IL-6 has previously been suggested to induce hypophagia similar-
ly to leptin (30–32), we examined food intake in HFD-fed Il6-KO 
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vehicle controls within the first week of treatment, the weight loss 
effect during this period was attributable to hypophagia, as we 
observed equal weight loss in the pair-fed vehicle controls (Figure 
2J). Interestingly, weight loss in the amlexanox-treated animals was 
more concentrated in adipose tissue, as epididymal WAT (eWAT) 
and brown adipose tissue (BAT) weights relative to body weight 
were reduced in the amlexanox-treated mice versus the pair-fed, 
vehicle-treated mice (Figure 2K).

UCP1 and FGF21 are required for amlexanox-induced energy expen-
diture. Initial studies on amlexanox-induced weight loss revealed the 
activation of a thermogenic gene expression profile in WAT, leading 
us to hypothesize that the beiging of WAT promotes weight loss by 
increasing energy expenditure (21). To determine the contribution 
of adipocyte thermogenesis to weight loss in response to amlex-
anox, we treated obese Ucp1-KO and WT mice with amlexanox. We 

animals exhibited significantly higher foraging activity than did the 
amlexanox-treated animals (Figure 2, B and C). We also observed 
higher x-ambulatory and total activity among the vehicle-treated 
mice during the first 2 dark cycles after treatment (Figure 2, D and 
E, and Supplemental Figure 3C). This increase in foraging activity in 
the vehicle-treated mice caused a spike in oxygen consumption and 
carbon dioxide production rates during the dark cycle on the first few 
days of treatment (Figure 2, F and G). Despite lower physical activity 
(Figure 2, B–E), the amlexanox-treated animals tended to have high-
er oxygen consumption and carbon dioxide production, a trend that 
reached statistical significance on the fourth day of treatment (Fig-
ure 2, H and I). By controlling for food intake, these data reveal that 
amlexanox treatment increased energy expenditure within the first 
few days of treatment. Although we did observe increased energy  
expenditure in the amlexanox-treated animals relative to pair-fed  

Figure 1. Amlexanox transiently reduces food intake. (A) Weekly body weights of obese mice treated with 25 mg/kg amlexanox or vehicle control. n = 7 
vehicle-treated mice and n = 8 amlexanox-treated mice. (B–F) Metabolic cage experiment. n = 8 animals per treatment group. Vertical lines indicate treatment 
initiation and, in B and D, the time of daily treatment administration administration (day –1 vehicle control was administered to all). The dark cycle (6 pm to 6 
am) is indicated in B and D by gray shading. (B) Oxygen consumption rate (VO2). (C) Average oxygen consumption rate during the light or dark cycle. (D) Carbon 
dioxide production rate (VCO2). (E) Average carbon dioxide production rate during the light or dark cycle. (F) Daily food intake. (G) Food intake 24–48 hours after 
treatment initiation for obese Il6-KO mice and littermate WT controls. WT versus Il6-KO values within treatment groups were not significantly different. n = 5 
animals per genotype in each treatment group. (H–K) Daily food intake and body weights of obese mice treated with 25 mg/kg amlexanox or vehicle control. 
n = 9 vehicle-treated mice and n = 10 amlexanox-treated mice. (H) Body weight–normalized food intake. (I) Total food intake per mouse. (J) Body weight. (K) 
Body weight as a percentage of baseline body weight. *P < 0.05, by Holm-Šidák post hoc test after significant 2-way ANOVA. #P < 0.05, by Student’s t test, 
not corrected for multiple comparisons. Data are presented as the mean ± SEM.
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energy expenditure, mediated at least in part by the induction of 
UCP1 and the browning of WAT.

Next, we probed the mechanism of amlexanox-induced 
beiging of WAT. While investigating the effects of amlexanox on 
patients with obesity in a clinical trial, we observed a significant 
increase in the expression of FGF21 mRNA in subcutaneous adi-
pose tissue (26). Since FGF21 has been previously associated with 

found that initial weight loss was similar between genotypes (Fig-
ure 3A). After 2 weeks of treatment, weight loss was attenuated in 
the Ucp1-KO mice (Figure 3A). Thus, adipocyte thermogenesis via 
induction of UCP1 appears to be a critical component of amlex-
anox-induced energy expenditure and long-term weight loss. While 
the transient reduction in food intake promoted early weight loss in 
response to amlexanox, long-term weight loss was due to increased  

Figure 2. Amlexanox increases energy expenditure relative to pair-fed vehicle controls. Metabolic cage experiment in mice treated with amlexanox and pair-fed 
vehicle controls. Vertical lines indicate treatment administration. n = 6 animals per treatment group. (A) Food intake. (B) Z-axis activity. (C) Total z-axis activity 
during the dark cycle. (D) X axis ambulatory activity. (E) Total x-axis ambulatory activity during each light or dark cycle. (F) Oxygen consumption rate. (G) Carbon 
dioxide production rate. (H) Average oxygen consumption rate during the light or dark cycle. (I) Average carbon dioxide production rate during the light or dark cycle. 
(J) Body weights before and after the pair-fed metabolic cage experiment. (K) Tissue weights after the pair-fed metabolic cage experiment. *P < 0.05, by Holm-
Šidák post hoc test after significant 2-way ANOVA; #P < 0.05, by Student’s t test, not corrected for multiple comparisons. Data are presented as the mean ± SEM.
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and fourth weeks of treatment, when food intake had returned to 
normal, the pair-fed vehicle controls began to regain weight, and 
their core temperature returned to baseline (Figure 4, A–C). Mean-
while, the amlexanox-treated mice maintained their weight loss 
and continued to lose weight (Figure 4B). Consistent with a ther-
mogenic mechanism of weight loss, the amlexanox-treated animals 
had higher core body temperatures in the third and fourth weeks 
of treatment (Figure 4C). Although both amlexanox-treated and 
pair-fed vehicle control mice exhibited a reduction in adiposity, this 
effect was greater in the amlexanox-treated animals (Figure 4D). 
The increase in core body temperature in the amlexanox-treated 
mice was not observed in Fgf21-KO mice, indicating that this effect 
was FGF21 dependent (Figure 4E).

Hepatic FGF21 secretion is responsible for circulating FGF21, but 
is dispensable for beiging in response to amlexanox. It has previous-
ly been observed that hepatic FGF21 secretion is increased in the 
fasted state to regulate systemic metabolism (42–45). Administra-
tion of amlexanox by oral gavage elevated serum FGF21, reaching 
maximal levels after 24 hours (Figure 5A). We observed an increase 
in Fgf21 mRNA expression in iWAT and BAT, but not liver, 4 hours 
after amlexanox treatment (Figure 5B). However, liver Fgf21 expres-
sion increased after 24 hours (Figure 5C). Because fasting induces 
hepatic FGF21 secretion, it is possible that food restriction induced 
by amlexanox promotes hepatic FGF21 secretion. Since we observed 
an early increase in Fgf21 expression in adipose tissue, and later in 
the liver, we used liver-specific Fgf21-KO mice (FLKO) to determine 
the relative importance of hepatic Fgf21 to circulating FGF21 and the 
FGF21-dependent phenotypes produced by amlexanox treatment 
(Figure 5, D–G). Consistent with prior work demonstrating that cir-
culating FGF21 is derived from the liver (43), we found that serum 
FGF21 levels were low in the FLKO mice and did not increase with 
24-hour amlexanox treatment (Figure 5D). This effect was specific 
to FGF21, as serum IL-6 levels increased normally in response to 
amlexanox treatment in the FLKO animals (Figure 5E). Surprising-
ly, there was no defect in weight loss in the FLKO mice (Figure 5F), 
contrary to what we observed in the whole-body Fgf21–KO animals 
(Figure 3B). In accordance with equal weight loss, hyperinsulinemia 
was reduced equally in WT and FLKO mice by amlexanox treatment 
(Figure 5G). Furthermore, WT and FLKO mice showed similar lev-
els of Ucp1 and Dio2 expression in their WAT in response to amlex-
anox (Figure 5, H and I). These data indicate that hepatic secretion 
of FGF21 into the serum is dispensable for amlexanox-induced WAT 
beiging and subsequent weight loss and that the defect in the whole-
body KO mice must have been due to another pool of FGF21.

Amlexanox stimulates adipocyte FGF21 secretion. Although liver- 
specific KO of Fgf21 ablated the increase in circulating FGF21, we 
detected no change in the responsiveness of these mice to amlex-
anox (Figure 5, F–I). This led us to wonder whether FGF21 secreted 
from adipocytes might act locally to promote thermogenic gene 
expression and energy expenditure, as observed in the exocrine 
pancreas (46). First, we investigated FGF21 expression and secre-
tion in adipocytes. For these experiments, we used primary pread-
ipocytes (isolated from iWAT) differentiated in vitro (PPDIVs). 
Amlexanox treatment robustly stimulated Fgf21 expression (Figure 
6A) as well as FGF21 protein secretion into the media (Figure 6B).

We have previously shown that IKKε inhibits cAMP signaling 
by activating PDE-3, and that inhibition of IKKε with amlexanox 

adipocyte thermogenesis (35, 36), we wondered whether FGF21 
might play a role in amlexanox-induced energy expenditure. Thus, 
Fgf21-KO and WT littermate control mice were place on a HFD for 
12 weeks and then treated with amlexanox or vehicle control. Sim-
ilar to what we observed in the Ucp1-KO animals, Fgf21-KO mice 
exhibited a defect in amlexanox-induced weight loss after the first 
2 weeks of treatment (Figure 3B), and the transient reduction in 
food intake was not affected by the absence of Fgf21 (Figure 3C). 
Next, we assayed energy expenditure in a metabolic cage experi-
ment between days 11 and 13 of amlexanox treatment, when the 
body weights of amlexanox-treated WT and Fgf21-KO mice began 
to diverge. Although amlexanox treatment in the WT animals was 
associated with a substantial increase in energy expenditure, this 
effect was absent in Fgf21-KO mice (Figure 3, D and E). This defect 
in energy expenditure was associated with an attenuated induc-
tion of Ucp1 and Dio2 gene expression in inguinal WAT (iWAT) 
by amlexanox in the Fgf21-KO animals (Figure 3, F and G). Con-
sistent with increased energy expenditure and reduced adiposity, 
WT mice treated with amlexanox had reduced lipid droplet size in 
both WAT (iWAT and eWAT) and BAT (Figure 3H). Fgf21-KO mice 
did not exhibit a reduction in lipid droplet size upon amlexanox 
treatment (Figure 3H and Supplemental Figure 4). Taken together, 
these data indicate that FGF21 is required for the induction of ther-
mogenic gene expression and increased energy expenditure that 
mediate long-term weight loss in response to amlexanox.

Weight loss in response to surgery (gastric bypass) and caloric 
restriction are associated with browning of WAT (37, 38), suggest-
ing beiging of WAT is commonly associated with a negative energy 
balance. To determine whether the FGF21-dependent browning 
of WAT occurs independently of weight loss, we treated nonobese 
WT and Fgf21-KO mice with amlexanox. The beiging of WAT was 
readily observable by immunohistochemistry staining for UCP1 in 
the iWAT of WT animals treated with amlexanox for just 1 week; 
however, this effect was greatly reduced in the Fgf21-KO animals 
(Supplemental Figure 5A). Furthermore, while Ucp1 and Dio2 
expression was higher in the amlexanox–treated WT mice rela-
tive to vehicle controls, we observed no significant increase in the 
Fgf21-KO mice after amlexanox treatment (Supplemental Figure 
5, B and C). As previously observed, normal diet–fed (ND-fed) 
mice did not show reductions in weight or food intake in response 
to amlexanox (Supplemental Figure 5, D–F). Thus, we can con-
clude that FGF21-induced browning of WAT is probably the cause 
and not the consequence of weight loss in the obese mice.

Amlexanox treatment promotes thermogenesis. Next we investi-
gated whether the beiging of WAT in response to amlexanox affect-
ed thermogenesis. To dissect the effect of amlexanox versus food 
intake on thermoregulation, we compared changes in the core body 
temperature of amlexanox-treated animals with that of both pair-fed 
and ad libitum–fed vehicle control mice. Consistent with previous 
experiments, amlexanox treatment caused transient hypophagia, 
which was greatest in the first week of treatment (Figure 4A). This 
acute hypophagia dictated weight loss in the first week of treatment, 
which was equal between the amlexanox-treated and pair-fed vehi-
cle controls (Figure 4B). Interestingly, although the pair-fed vehi-
cle control mice exhibited the expected hypothermic response to 
hypophagia (39–41), the amlexanox-treated animals had increased 
core body temperatures during this period (Figure 4C). In the third 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(10):e145546  https://doi.org/10.1172/JCI1455466



The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

7J Clin Invest. 2021;131(10):e145546  https://doi.org/10.1172/JCI145546

restores cAMP signaling and a cAMP transcriptional program that 
is dependent on the activation of p38 MAPK (29). Adipocyte FGF21 
expression has previously been linked to sympathetic activation 
of adipocyte cAMP signaling (35, 47, 48). To determine wheth-
er FGF21 expression is mediated via this pathway, we pretreated 
PPDIVs with the specific p38 inhibitor SB-203,580, which com-
pletely blocked the induction of Fgf21 gene expression and FGF21 
protein secretion into the media (Figure 6, A and B). We also exam-
ined the effect of p38 inhibition in vivo by pretreating mice with 20 
mg/kg SB-203,580 before a 4-hour amlexanox treatment. Hepat-
ic Fgf21 was not induced at this time point (Figure 5B), and serum 
FGF21 levels were not elevated (Figure 5A). Accordingly, neither 
amlexanox nor SB-203,580 treatment impacted serum FGF21 
levels (Figure 6C). Pretreatment of mice with SB-203,580 in vivo 
blocked the amlexanox-dependent induction of Fgf21 expression 
in WAT (Figure 6D). Interestingly, SB-203,580 treatment also pre-
vented the induction of Ucp1 expression in WAT (Figure 6E).

To determine whether amlexanox-induced Ucp1 expression 
could be mediated by autocrine FGF21 action, we treated WT and 
Fgf21-KO PPDIVs with amlexanox. As expected, amlexanox treat-
ment induced Fgf21 expression in the WT PPDIVs, whereas Fgf21 
expression was not detectable in the Fgf21-KO cells (Figure 6F). 
The induction of Il6 and Atf3 expression by amlexanox was equal 
in both genotypes (Figure 6, G and H). Conversely, although aml-
exanox treatment induced Ucp1 expression in WT PPDIVs, this 
effect was notably absent in Fgf21-KO PPDIVs (Figure 6I), indicat-
ing that adipocyte-derived FGF21 could function as a local auto-
crine factor that plays a key role in the induction of Ucp1 expression 
in response to amlexanox. We found that the induction of Dio2 
expression by amlexanox was similarly dependent on FGF21 (Fig-
ure 6J), indicating a generalized defect in browning. WAT brown-
ing in vivo occurs both by increased expression of thermogenic 
genes in mature adipocytes and increased differentiation of beige 
adipocytes, which requires 1 week or more. Amlexanox appeared 
to induce Ucp1 expression via both mechanisms, as Ucp1 expression 
was acutely elevated and increased further after more than 1 week 
of treatment (Supplemental Figure 6A). While Fgf21 expression in 
iWAT was only elevated acutely (Supplemental Figure 6B), it was 

required for the initiation of beiging (Figure 5, F–I), which then led 
to increased energy expenditure and subsequent weight loss. Thus 
the FGF21-dependent weight loss produced by amlexanox (Figure 
3, A and B) lagged behind the induction of FGF21 itself.

Adipocyte-secreted FGF21 is required for amlexanox-induced 
energy expenditure. These results led us to predict that adipo-
cyte-specific KO of Fgf21 (FAKO) would cause a defect in the beig-
ing of adipose tissue in response to amlexanox without affecting 
circulating FGF21 levels. Indeed, the increase of circulating FGF21 
levels produced in response to amlexanox was equal in WT and 
FAKO littermate animals (Figure 7A). Nevertheless, the expres-
sion of Ucp1 and Dio2 was significantly attenuated in FAKO mice 
compared with expression in WT controls after just 8 days of aml-
exanox treatment (Figure 7, B and C). Importantly, inhibition of 
thermogenic gene expression in the FAKO animals corresponded 
to an attenuation of amlexanox-induced weight loss (Figure 7D). 
These data suggest that FGF21 secreted by adipocytes acts locally 
to promote beiging and thermogenic gene expression with amlex-
anox treatment. Consistent with this idea, protein levels of FGF21 
in the adipose tissue after amlexanox treatment were comparable 
to protein levels found in the liver (Figure 7, E and F, and Supple-
mental Figure 7, A and B). Furthermore, the increase in adipose 
tissue FGF21 levels in FLKO mice was similar to that observed in 
WT mice (Figure 7, G and H, and Supplemental Figure 7C).

Regulation of insulin sensitivity and glucose handling by amlex-
anox. Although the reductions in food intake were transient and 
contributed only to initial weight loss, we wondered whether they 
might play a role in the reduction of fasting blood glucose levels 
observed on the third day of amlexanox treatment (29). We pre-
viously proposed that acute reductions in fasting blood glucose 
produced by amlexanox are mediated by a subcutaneous adipose 
tissue-to-liver axis, whereby adipocyte-secreted IL-6 activates 
hepatic STAT3 to suppress hepatic glucose production (29). To 
differentiate this axis from the effects of reduced food intake, we 
examined fasting blood glucose levels in Il6-KO mice, which do 
not exhibit a defect in suppression of food intake in response to 
amlexanox treatment (Figure 1G). Despite equal reductions in 
food intake in the Il6-KO and WT animals, fasting blood glucose 
levels were suppressed in the WT animals, but not in the Il6-KO 
mice treated with amlexanox (Figure 8A). To further investigate 
this signaling axis, we generated mice with liver-specific KO of 
Stat3 (SLKO) by crossing albumin-Cre (Alb-Cre) mice with Stat3-
floxed mice. STAT3 protein levels were markedly reduced in the 
SLKO liver lysates (Supplemental Figure 8, A and B). Treatment 
of WT mice with amlexanox produced robust STAT3 tyrosine 705 
phosphorylation in liver (Supplemental Figure 8A). We detected 
only a small amount of residual STAT3 in the SLKO livers, proba-
bly from the nonhepatocytes.

Weight loss in the SLKO and WT mice was equal after 3 days 
of amlexanox treatment (Figure 8B), indicating that, like KO of 
Il6, hepatic STAT3 deficiency does not affect amlexanox-induced 
hypophagia. Thus, the relative effect of the adipose-to-liver axis 
versus food intake on reductions in fasting blood glucose observed 
with acute amlexanox treatment can be specifically evaluated using 
SLKO animals. Although fasting blood glucose levels were signifi-
cantly lower in amlexanox-treated mice relative to vehicle-treated 
WT littermate controls, this difference was not observed in the 

Figure 3. FGF21 is required for adipose tissue beiging and weight loss in 
response to amlexanox. (A) Weekly body weights of obese Ucp1-KO mice 
and WT littermates treated with 25 mg/kg amlexanox by daily oral gavage, 
expressed as a percentage of baseline body weight. n = 6 animals per genotype 
in each treatment group. (B–H) Obese Fgf21-KO and WT littermates were 
treated with 25 mg/kg amlexanox by daily oral gavage. (B) Body weight 
expressed as a percentage of baseline body weight. n = 5 WT and 6 KO animals 
per treatment group. (C) Body weight–normalized food intake for the mice in 
B. (D) Oxygen consumption and (E) carbon dioxide production rates measured 
by metabolic cages for the mice in B, starting on day 11 of treatment. (F) Ucp1 
expression in iWAT after 4 weeks of treatment. n = 6 animals per genotype 
in each treatment group. veh, vehicle. (G) Dio2 expression in iWAT after 4 
weeks of treatment. n = 5 animals per genotype in each treatment group. (H) 
Representative H&E-stained sections after 4 weeks of treatment. Scale bars: 
100 μm (iWAT), 100 μm (eWAT), and 50 μm (BAT). Statistical significance was 
determined by Holm-Šidák post hoc test after significant 2-way ANOVA. *P 
< 0.05 for vehicle versus amlexanox treatment. #P < 0.05 for vehicle versus 
amlexanox in both WT and KO mice. ~P < 0.05 for WT versus KO mice in the 
amlexanox-treated group. Data are presented as the mean ± SEM.
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Next, we turned our attention to the improvements in insu-
lin sensitivity observed in response to amlexanox treatment. The 
reduction in fasting blood glucose did not translate to improved 
insulin sensitivity. The suppression of hepatic glucose production 
by amlexanox resulted in lower glucose levels in WT mice through-
out an insulin tolerance test (Supplemental Figure 8C). While 
Il6-KO mice did not exhibit this overall reduction in fasting blood 
glucose, baseline normalization revealed that both WT and Il6-KO 
mice had the same degree of insulin sensitization after amlexanox 
treatment (Supplemental Figure 8, C and D). Accordingly, the abili-
ty of amlexanox to improve insulin sensitivity was identical in SLKO 
mice and their WT floxed littermates (Figure 8H). Moreover, SLKO 
mice exhibited normal weight loss in response to 4 weeks of amlex-
anox treatment (Figure 8I). Thus, the weight loss and insulin sensi-
tization produced by amlexanox were not dependent on the IL-6/
STAT3 pathway that acutely suppressed hepatic glucose production.

Given the correlation between body weight and insulin sensitivi-
ty, it is possible that the improvements in insulin sensitivity were sec-
ondary to amlexanox-induced weight loss. Thus, we assessed insulin 
sensitivity in Fgf21- and Ucp1-KO animals, which exhibit defects in 
weight loss. Indeed, the reduction of fasting insulin levels by amlex-
anox was attenuated in both Fgf21- and Ucp1-KO animals (Figure 8, J 
and K). Furthermore, although WT animals showed significant insu-
lin sensitization in an insulin tolerance test after 4 weeks amlexanox 

SLKO animals (Figure 8C). Amlexanox increased hepatic expres-
sion of Socs3, a STAT3 target gene (49–51), reflecting hepatic STAT3 
transcriptional regulation (Figure 8D). This response was absent in 
the SLKO animals (Figure 8D). Hepatic STAT3 suppresses glucose 
production via a reduction of G6pc expression (52–54). According-
ly, we observed suppression of G6pc expression in the WT animals 
treated with amlexanox (Figure 8E). However, we detected no sup-
pression of G6pc expression in response to amlexanox in the SLKO 
animals (Figure 8E). The suppression of hepatic glucose produc-
tion by amlexanox was apparent in the lower blood glucose levels 
during a pyruvate tolerance test (Figure 8F). This effect of amlex-
anox was notably absent in the SLKO animals, demonstrating that 
hepatic STAT3 is required for the suppression of hepatic glucose 
production by amlexanox (Figure 8F).

We also examined the role of adipocyte FGF21 in reducing 
fasting blood glucose levels in response to amlexanox treatment. 
Although the FAKO mice exhibited defects in weight loss in 
response to amlexanox, fasting blood glucose levels were reduced 
equally in the FAKO and WT animals (Figure 8G). These results 
indicate that, while a reduction in food intake contributes to initial 
weight loss during amlexanox treatment, it is not the driving fac-
tor in reducing fasting blood glucose, which is instead mediated by 
the activation of hepatic STAT3 by IL-6 and a subsequent suppres-
sion of hepatic gluconeogenesis.

Figure 4. Amlexanox increases thermogenesis. (A–D) Obese mice were treated with 25 mg/kg amlexanox or vehicle control daily. Amlexanox- and 
vehicle-treated animals were fed ad libitum, whereas pair-fed, vehicle-treated animals were provided the averaged amount of food consumed by the 
amlexanox-treated group. n = 6–7 mice per treatment group. (A) Food intake, (B) body weight, and (C) rectal temperatures (temp) were measured daily 5 
hours into the light cycle, just before daily treatment administration. (D) Total fat and lean mass measured by MRI after 26 days of treatment. (E) Rectal 
temperatures of obese WT and Fgf21-KO mice treated with 25 mg/kg amlexanox and of pair-fed, vehicle-treated controls after 24 hours of treatment. Sta-
tistical significance was determined by Holm-Šidák post hoc test after significant 2-way ANOVA. *P < 0.05 for vehicle- versus amlexanox-treated mice. ~P 
< 0.05 for amlexanox- versus pair-fed, vehicle-treated mice (A–D) and WT versus KO mice in the amlexanox-treated group (E). #P < 0.05 for vehicle- versus 
pair-fed, vehicle-treated groups. Data are presented as the mean ± SEM.
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many of the effects of HFD-induced and genetically induced obesity 
in both rodents (21) and humans (26). Here, we report that treatment 
of mice with amlexanox produced a coordinated crosstalk between 
adipose tissue and liver involving a network of endocrine and auto-
crine factors that together increased energy expenditure and reduced 
glycemia, resulting in weight loss and improved insulin sensitivity.

We followed the effects of amlexanox on energy metabolism 
in obese mice over the first days of treatment and, surprisingly, dis-
covered a transient reduction in food intake that contributed to ear-
ly weight loss in response to the drug. Interestingly, this effect was 
observed only in animals with preexisting obesity. It has previously 
been shown that hypothalamic IKKε levels are elevated in obese mice 
as a consequence of increased inflammation and contribute to cen-
tral leptin resistance (58–60). Furthermore, inhibition or knockdown 
of IKKε in the brain caused acute reductions in food intake (58). Thus, 
amlexanox may suppress food intake via direct inhibition of hypotha-
lamic IKKε. While we hypothesize that this transient hypophagia is 
the result of a central effect on satiety, illness-like behavior cannot be 
definitively ruled out. Much additional work is required to tease apart 

treatment, we did not observe amlexanox-induced insulin sensitiza-
tion in either Fgf21-KO or Ucp1-KO animals (Figure 8, L and M). These 
results suggest that the insulin-sensitizing effects of amlexanox were 
secondary to increased energy expenditure.

Discussion
Current approaches to obesity are only marginally effective, and new 
therapies are needed (55). Numerous studies have shown that obesi-
ty is associated with chronic low-grade inflammation in both dietary 
and genetic rodent models, as well as in humans, and further that 
this inflammation is associated with insulin resistance and decreased 
energy expenditure (8, 9, 15–17). Obesity induces increased infil-
tration of inflammatory cells into liver and adipose tissue as well as 
increases in inflammatory pathways in fat and liver cells (8, 9, 13, 14, 
56, 57). Among the changes is activation of the NF-κB pathway, which 
is associated with increased expression and activity of the noncanon-
ical Iκβ kinases IKKε and TBK1. These findings led us to search for 
inhibitors of these kinases, and we discovered that the asthma drug 
amlexanox was a selective dual-specificity inhibitor that reverses 

Figure 5. Hepatic FGF21 secretion determines circulating FGF21 levels but not beiging of WAT. (A) Serum FGF21 levels after treatment with 25 mg/kg amlex-
anox or vehicle control. n = 2 animals per treatment per time point. (B and C) Amlexanox induced Fgf21 expression in various tissues relative to vehicle control 
treatment. (B) Fgf21 expression after 4 hours of treatment. n = 7 animals per treatment group. (C) Fgf21 expression after 24 hours of treatment. n = 5 animals 
per treatment. (D–I) FLKO and WT littermate control animals were treated with 25 mg/kg amlexanox or vehicle. (D) Serum FGF21 levels after 24 hours of treat-
ment. n = 3 vehicle-treated and n = 4 amlexanox-treated animals per genotype. (E) Serum IL-6 levels after 24 hours of treatment. n = 3 animals per genotype 
per treatment. (F) Weight as a percentage of baseline body weight. n = 8 WT and n = 6 FLKO animals per treatment. (G) Serum insulin levels after 4 weeks of 
treatment. n = 8 WT and n = 6 FLKO animals per treatment. Expression of (H) Ucp1 and (I) Dio2 in eWAT tissue after 5 weeks of treatment. n = 6 animals per 
genotype per treatment. *P < 0.05, by Holm-Šidák post hoc test after significant 2-way ANOVA for the vehicle- versus amlexanox-treated groups. §P < 0.05, 
by Holm-Šidák post hoc test after significant 2-way ANOVA for the vehicle- versus amlexanox-treated in both WT and KO groups. ~P < 0.05 for WT versus KO 
animals in the amlexanox-treated group. #P < 0.05, by Student’s t test, not corrected for multiple comparisons. Data are presented as the mean ± SEM.
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mitochondrial defects in UCP1-KO mice (61) preclude the exclu-
sion of UCP1-independent changes in mitochondrial bioenerget-
ics that may also contribute to energy expenditure.

What is the mechanism of the amlexanox-induced increase in 
energy expenditure? In a randomized, placebo-controlled clinical 
trial of amlexanox in patients with obesity and type 2 diabetes, 
we obtained biopsies of treated patients and extracted RNA to 
measure changes in gene expression (26). These studies revealed 
increased expression of the FGF21 gene in response to amlexanox 
that correlated well with effectiveness of the drug, leading us to 
measure FGF21 protein levels and gene expression in obese mice 
treated with amlexanox. We observed a dramatic increase in Fgf21 
mRNA in liver and adipose depots, as well as an increase in cir-
culating levels of the hormone in response to treatment with the 
drug. Moreover, global FGF21–KO mice were refractory to the 
beneficial metabolic effects of amlexanox, indicating that expres-
sion of this hormone is crucial for the actions of the drug.

Interestingly, the increased expression of hepatic Fgf21 mRNA 
and its secretion into the circulation in response to amlexanox 
appeared to be dispensable for weight loss, whereas the local secre-
tion and action of FGF21 in WAT appeared to be critical for adipose 
tissue browning. Circulating FGF21 levels were negligible in FLKO 
mice, yet these animals still exhibited WAT browning in response 
to amlexanox treatment, an effect notably absent in Fgf21 whole-
body–KO mice, suggesting that another pool of FGF21 affected adi-
pocyte function, without impacting circulating FGF21 levels. We 
thus propose that adipocytes are mainly responsive to locally pro-
duced FGF21. Indeed, FAKO mice showed no reduction in serum 
FGF21 levels, but did not exhibit browning of WAT in response to 
amlexanox treatment. FAKO mice also showed a defect in weight 

the central and peripheral effects of amlexanox on feeding behavior, 
and the underlying molecular mechanisms, and to determine wheth-
er this effect occurs in humans.

Although this acute reduction in food intake coincided with a 
reduction in fasting blood glucose, these 2 events appeared to be 
distinct and not causally related. The reduction in fasting blood 
glucose resulted from suppression of hepatic glucose production 
due to the activation of hepatic STAT3 by adipocyte-secreted IL-6, 
since the reduction in hepatic glucose production and fasting blood 
glucose was not observed in Il6-KO (29) or liver-specific Stat3-KO 
mice treated with amlexanox, whereas both mouse models exhib-
ited the same transient reduction in food intake and early weight 
loss in response to amlexanox observed in WT animals. Interest-
ingly, the suppression of hepatic glucose production and fasting 
blood glucose was also mechanistically distinct from its effects on 
insulin sensitivity. Improved insulin sensitivity correlated with the 
beiging of WAT and weight loss.

While the effect of amlexanox on food intake was transient, 
weight loss persisted beyond the first days of treatment with the 
drug, presumably because of the increased thermogenic energy 
expenditure. Amlexanox treatment blocked the hypothermic 
response to reduced caloric intake and further increased thermo-
genesis. This was accompanied by increased browning or beiging 
of subcutaneous WAT, along with the increased expression of 
thermogenic genes such as Ucp1 and others. This finding was con-
sistent with the increases in catecholamine sensitivity observed 
with inhibition or KO of IKKε in adipocytes (27, 28) and suggests 
that increased cAMP signaling in adipocytes is responsible for 
elevated energy expenditure. Of note, although UCP1 expression 
correlates with adipose tissue beiging and energy expenditure, 

Figure 6. Adipocyte-secreted FGF21 promotes adipocyte Ucp1 expression. (A and B) PPDIVs were treated with 1 mg/mL SB-203,850 or control for 30 minutes 
before vehicle or 100 μM amlexanox treatment. (A) Fgf21 expression after a 2-hour treatment. n = 9 wells per condition. (B) FGF21 secretion into the media 
after a 4-hour treatment. n = 3 wells per condition. (C–E) Obese mice were pretreated with 20 mg/kg SB-203,850 or control for 30 minutes before treatment 
with vehicle or 25 mg/kg amlexanox for 4 hours. n = 8 mice per treatment condition. (C) FGF21 serum levels. (D) Fgf21 expression in iWAT. (E) Ucp1 expression 
in iWAT. Expression of (F) Fgf21, (G) Il6, (H) Atf3, (I) Ucp1, and (J) Dio2 in Fgf21-KO and WT control PPDIVs treated with vehicle or 100 μM amlexanox for 4 
hours. *P < 0.05, by Holm-Šidák post hoc test after significant 2-way ANOVA for vehicle versus amlexanox treatment. ~P < 0.05 for WT versus KO or control 
versus SB-203,850 in the amlexanox-treated group. Data are presented as the mean ± SEM.
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receptors can release FGF21 into the circulation, and deletion of 
β-klotho does not result in the appearance of circulating FGF21 in 
adipocyte-specific transgenic mice (our unpublished observations). 
Thus, adipose tissue responds particularly well to autocrine FGF21, 
suggesting that strategies to increase local production of the hor-
mone may be more effective, with fewer side effects (67–70).

A second important question concerns the signaling path-
way initiated by FGF21 in adipocytes required for induction of 
the thermogenic program. Amlexanox can elevate cAMP levels 
in adipocytes by blocking the phosphorylation and subsequent 
activation of cAMP phosphodiesterase 3B (27), representing the 
mechanism by which the expression and secretion of FGF21 and 
IL-6 are increased in response to the drug. Our findings indicate 
that FGF21 likely delivers a second signal required for activation 
of the thermogenic program by catecholamine signaling. Previous 
studies (71) have shown that β-adrenergic activation of adipocytes 
in vivo leads to increases in calcium-dependent pathways. We 
have recently shown that these pathways depend on the synthesis 
and secretion of FGF21 to provide and sustain this signal. How-
ever, it must be noted that other pathways may also be involved. 
Although FGF21 has long been known to activate the Ras/MAP 
kinase pathway (62, 72), this effect of the hormone is not required 
for induction of the thermogenic program. However, there may be 
other genes, such as Glut1 (73), that are controlled by this pathway 
and perhaps play a role in the biological effects of the hormone. 
Nevertheless, the importance of the autocrine actions of FGF21 on 
adipose tissue provides important insights into how this hormone 
can best be used as a therapeutic agent and suggests that strategies 
to increase adipocyte FGF21 synthesis with amlexanox or other 
TBK1/IKKε inhibitors might be beneficial.

loss after only 8 days of treatment. Long-term experiments would 
be expected to demonstrate a greater defect in weight loss. Taken 
together, these results strongly indicate that adipocyte-secreted 
FGF21 acts locally to promote the browning of WAT, but does not 
enter the circulation. Thus, FGF21 behaves as an autocrine factor 
in adipocytes in response to amlexanox administration.

The core body temperature of the mice was increased by aml-
exanox treatment, both acutely after the first day of treatment and 
after 2 weeks of daily treatment. WAT beiging at least partly required 
the differentiation of beige adipocytes and was thus consistent with 
the increase in thermogenesis after 2 weeks of treatment. However, 
beiging was unlikely to account for the early transient increase in 
thermogenesis, which was more likely the result of central FGF21 
action promoting BAT thermogenesis via sympathetic activation. 
Although the long-term thermogenic effect of amlexanox was asso-
ciated with weight loss, the acute effect was not observed to signifi-
cantly affect body weight, probably because of its transient nature.

FGF21 has emerged as a therapeutic agent to treat obesity and 
associated metabolic disorders. While exogenous administration 
of FGF21 and its analogs has shown beneficial metabolic effects, 
our understanding of its role in the control of energy homeosta-
sis remains incomplete (62–65). Although our data suggest that 
adipose tissue is a critical target tissue for FGF21 action, whether 
exogenous FGF21 can effectively control adipocyte metabolism 
when delivered at reasonable doses remains uncertain. Unlike 
other members of the FGF family, FGF21 does not bind to hepa-
rin sulfate, which makes the protein relatively soluble and permits 
secretion from hepatocytes into the circulation (66). Sequestration 
of FGF21 in adipose tissue is not due to the presence of the FGF 
receptor (FGFR) or β-klotho, since other tissues expressing these 

Figure 7. Effects of amlexanox in adipose- and liver-specific Fgf21–KO mice. (A–D) Obese FAKO and WT littermate control animals were treated with 25 mg/kg 
amlexanox or vehicle. n = 8 vehicle- and n = 7 amlexanox-treated animals per genotype. (A) Serum FGF21 levels. (B) Ucp1 expression in iWAT. (C) Dio2 expression in 
iWAT. (D) Weight loss, presented as a percentage of baseline body weight. (E–H) Quantification of FGF21 protein levels normalized to HSP90 protein detected by 
Western blotting 24 hours after treatment (see also Supplemental Figure 4). (E) FGF21 levels in WT iWAT. (F) FGF21 levels in WT liver. (G) FGF21 levels in WT and 
FLKO iWAT. (H) FGF21 levels in WT and FLKO eWAT. n = 3 animals per treatment per genotype. *P < 0.05, by Holm-Šidák post hoc test after significant 2-way ANO-
VA for the vehicle- versus amlexanox-treated groups. ~P < 0.05 for WT versus KO animals in the amlexanox-treated group. Data are presented as the mean ± SEM
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Figure 8. Mechanism of improved glucose handling and insulin sensitivity. (A) Day 3 fasting blood glucose levels in obese Il6-KO and WT littermate 
control mice. n = 5 animals per treatment per genotype. (B–F, H, and I) Obese SLKO and WT mice. (B) Day 3 weight loss. n = 10 vehicle-treated mice and 
n = 9 amlexanox-treated mice per genotype. (C) Day 3 fasting blood glucose levels. n = 6 vehicle-treated WT mice, n = 7 amlexanox-treated WT mice, n = 
11 vehicle-treated SLKO mice, and n = 12 amlexanox-treated SLKO mice. Day 3 liver expression of (D) Socs3 and (E) G6pc. n = 5 animals per genotype per 
treatment. (F) Pyruvate tolerance test after 3 days of treatment. n = 6 vehicle-treated WT mice, n = 7 amlexanox-treated WT mice, n = 11 vehicle-treat-
ed SLKO mice, and n = 12 amlexanox-treated SLKO mice. (G) Day 3 fasting blood glucose levels in obese FAKO and WT littermate control animals. n = 9 
vehicle-treated mice and n = 8 amlexanox-treated mice per genotype. (H) Insulin tolerance test after 4 weeks of treatment. n = 8 vehicle-treated mice and 
n = 7 amlexanox-treated mice per genotype. (I) Weight loss after 4 weeks of treatment. n = 9 mice per treatment per genotype. (J and K) Fasting serum 
insulin levels in obese mice after 4 weeks of treatment. (J) Serum insulin levels in WT and Fgf21-KO mice. n = 9 WT mice per treatment, n = 8 vehicle-treat-
ed Fgf21-KO mice, and n = 6 amlexanox-treated Fgf21-KO mice. (K) Serum insulin levels in WT and Ucp1-KO mice. n = 6 mice per treatment per genotype. 
(L) Insulin tolerance test after 4 weeks of treatment in obese Fgf21-KO and WT littermate control mice. n = 10 vehicle-treated mice per genotype, n = 9 
WT mice, and n = 8 amlexanox-treated Fgf21-KO mice. (M) Insulin tolerance test after 4 weeks of treatment in obese Ucp1-KO and WT littermate control 
mice. n = 10 vehicle-treated mice per genotype, n = 9 WT mice, and  n = 8 amlexanox-treated Ucp1-KO mice. *P < 0.05, by Holm-Šidák post hoc test after 
significant 2-way ANOVA for the vehicle versus amlexanox treatment groups. #P < 0.05, by Holm-Šidák post hoc test after significant 2-way ANOVA for 
vehicle versus amlexanox treatment in both the WT and KO groups. ~P < 0.05, by Holm-Šidák post hoc test after significant 2-way ANOVA for WT versus 
KO animals within the amlexanox treatment group. Data are presented as the mean ± SEM.
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food consumed by the control group, either by daily measured food 
provisions or automated feeder restrictions in metabolic cages.

Serum FGF21, IL-6, and insulin measurements. Blood was collected by 
submandibular bleeding and allowed to clot at room temperature for 30 
minutes prior to serum isolation. IL-6 and FGF21 levels in 50 μL serum 
were measured using the Mouse IL-6 Quantikine ELISA (SM6000B) 
and the FGF21 Quantikine ELISA (MF2100) from R&D Systems. 
Serum insulin was measured in 2.5 μL serum with the Ultra-Sensitive 
Mouse Insulin ELISA Kit (Crystal Chem, catalog 90080).

Insulin and pyruvate tolerance tests. For insulin tolerance tests, 
mice were fasted for 3 hours and then given an intraperitoneal injec-
tion of 1.0 units of insulin per kilogram of body weight. For pyruvate 
tolerance tests, blood glucose levels from tail blood were measured 
after a 16-hour fast, using the OneTouch Ultra Glucometer (LifeS-
can). Mice were then given an intraperitoneal injection of sodi-
um pyruvate (P2256) at a dose of 1.5 g/kg body weight. Blood was 
obtained from the tail, and blood glucose at basal levels and at 15, 30, 
45, 60, 90, 120, and 180 minutes were measured using the OneTouch 
Ultra Glucometer (LifeScan).

Adipocyte size
Adipocyte size was assessed from H&E-stained WAT histology slides 
and imaged with a standard Texas red excitation and emission filter. 
Adipocyte size was measured using CellProfiler software (75). Objects 
that deviated from circularity were eliminated by omitting those 
objects with a form factor below 0.5 and an eccentricity above 0.95 for 
accurate identification of single adipocytes by the automated system. 
A minimum of 1000 cells from each animal were assayed.

Histology
Fat and liver tissues were collected and fixed in 10% formalin for 1 
week and then placed in 70% ethanol. Paraffin embedment and sec-
tioning for H&E staining and immunohistochemical analysis was com-
pleted at the UCSD Tissue Technology Core.

Western blot analysis
Tissues were homogenized in lysis buffer (50 mM Tris, pH 7.5, 150 mM 
NaCl, 4 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM DTT, 1 mM 
Na3VO4, 5 mM NaF, 1 mM phenylmethanesulfonylfluoride, 25 mM glyc-
erol 2-phosphate and a freshly added protease inhibitor tablet) (Roche, 
11836170001), followed by incubation for 1 hour at 4°C. Crude lysates 
were centrifuged twice at 17,000g for 15 minutes and the protein concen-
tration determined using Bio-Rad Protein Assay Dye Reagent. Samples 
were diluted in SDS sample buffer. Bound proteins were resolved by SDS-
PAGE and transferred onto nitrocellulose membranes (Bio-Rad). Indi-
vidual proteins were detected with specific antibodies and visualized on 
film using HRP-conjugated secondary antibodies (Bio-Rad) and Western 
Lightning Enhanced Chemiluminescence (PerkinElmer Life Sciences). 
The following primary antibodies were used at a 1:1000 dilution unless 
otherwise specified and were purchased from Cell Signaling Technology: 
HSP90 (no. 4874), p705 STAT3 (no. 9131), STAT3 1:4000 (no. 9139), and 
AKT (no. 9272). Polyclonal goat anti-FGF21 antibody (catalog AF3057) 
was purchased from R&D Systems and used at a concentration of 1:500. 
Goat anti-mouse (no. 31430) and goat anti-rabbit (no. 31460) secondary 
antibodies were purchased from Thermo Fisher Scientific, and donkey 
anti-goat secondary antibody (catalog HAF109) was purchased from 
R&D Systems and used at a concentration of 1:10,000.

Methods

Animals
Whole-body–KO mice. Homozygous Il6-KO (stock no. 002650) and 
Ucp1-KO (stock no. 003124) mice were obtained from The Jackson 
Laboratory. These mice were bred with C57BL/6J mice (stock no. 
000664) to generate heterozygous animals. Whole-body Fgf21–KO 
mice have been previously described (74). Cohorts of WT and KO lit-
termate controls were generated from heterozygous-to-heterozygous 
breeding. Animals were genotyped prior to weaning, and WT and KO 
mice were cohoused after weaning.

Tissue-specific KO mice. Animals homozygous for the Stat3-
floxed allele were obtained from The Jackson Laboratory (stock no. 
016923). These mice were bred with Alb promoter–driven Cre mice 
(The Jackson Laboratory, stock no. 016832). The F1 generation was 
then intercrossed to generate mice homozygous for the Stat3-floxed 
allele both with (SLKO) and without (WT) the Alb-Cre. Cohorts were 
generated from the F2 generation and beyond. FLKO and FAKO 
mice expressing Alb-Cre and Adipoq-Cre, respectively, have been 
previously described (43).

All strains of mice were on a C57BL/6J background. Only male 
mice were used for the experiments. We fed mice a ND (Teklad, 
7912). Obesity was induced by feeding animals a HFD consisting of 
45% of calories from fat (Research Diets, D12451) for 12–13 weeks, 
starting at 6–10 weeks of age. Amlexanox was administered by dai-
ly oral gavage at a dose of 25 mg/kg. SB203,580 was administered 
by oral gavage at a dose of 20 mg/kg, 30–60 minutes prior to aml-
exanox administration. Mice were preconditioned to the oral gavage 
by at least 1 week of daily gavage with an equivalent volume of saline. 
During metabolic studies, ear tag numbers were used to identify ani-
mals. Within an experiment, genotype and/or treatment groups of 
mice were both littermates and cage mates. Researchers performing 
tests and collecting data were blinded to the treatment/genotype 
groups during the experiments. Animals in each cohort were pro-
duced from 20 breeding pairs to minimize the birth date range. With-
in each genotype, mice were assigned to treatment groups, such that 
prior to treatment the mean body weight, as well as the standard devi-
ation of the body weight, was equal across treatment groups, using a 
method similar to block randomization. Additional consideration was 
given to housing, such that each cage contained multiple treatment 
groups, to avoid confounding by cage effects. Sample size was deter-
mined on the basis of available cohorts and the number of treatment 
groups required. Mice were housed in a specific pathogen–free facility 
under a 12-hour light/12-hour dark cycle and given free access to food 
and water, except for the fasting period.

Metabolic cage studies. For metabolic studies, the mice were sub-
jected to a comprehensive laboratory monitoring system (CLAMS) 
(Columbus Instruments; CLAMS is an integrated open-circuit calorim-
eter equipped with an optical beam activity monitoring system) to mea-
sure the rates of oxygen consumption (VO2) and carbon dioxide pro-
duction (VCO2) by indirect calorimetry and spontaneous motor activity 
at the University of Michigan’s Metabolic Phenotyping Core, or at the 
ACP phenotyping core of UCSD for the paired feeding experiment.

Food intake and paired feeding. Food intake was measured by 
metabolic cages, or the weight of food provided was recorded, and 
then the remaining weight of the food was determined daily for sin-
gly housed mice. Pair-fed animals were provided the average amount 
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mg/L amphotericin B (MilliporeSigma, A2411). Cells from the first 
and second passages were plated to confluence for experiments to 
ensure that all cells reached confluence at the same time. Differentia-
tion was initiated with 500 μM 3-isobutyl-1-methylxanthine, 250 nM 
dexamethasone, 1 μg/mL insulin, and 1 μM troglitazone for 4 days, 
followed by insulin for 3 days. Cells were used for experiments 8 or 
9 days after the initiation of differentiation. Only cultures in which 
greater than 90% of cells had adipocyte morphology were used. 
FGF21 and IL-6 secretion into media was quantified using the mouse 
IL-6 Quantikine ELISA (SM6000B) and FGF21 Quantikine ELISA 
(MF2100) from R&D Systems.

Reverse transcription PCR analysis of gene expression
RNA extractions from iWAT were performed using the RNeasy 
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